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Abstract  
We propose new spacegroups for the photovoltaic material CsPbBr3 based on synchrotron-based 
single-crystal and powder diffraction measurements. As opposed to existing structural assignments for 
CsPbBr3, the proposed spacegroups supports the existence of a ferroelectric state at room temperature, 
which was recently reported for nanoscale forms of this material.  Moreover,  the first-order nature found 
for both the transition at ~360 K and that at ~400 K  is expected to impact electron transport and optical 
properties of this system significantly. Additional isostructural phase transitions are also found at low 
temperature. 
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Hybrid perovskite photovoltaic ABX3 systems have been systematically studied for the past 
decades due to their high energy conversion efficiencies (in excess of 25 %  [1]).   In these systems, the A 
site is occupied by an organic cation, the B site is occupied by  Pb, and the X site is occupied by halides  
(Cl, Br, or I ).    The organic component at the A site with charge +1  is believed to be the Achilles’ heel 
accounting for the degradation of the hybrid perovskite system in the presence of high temperature and 
moisture.  Efforts to mitigate this weakness of the hybrid systems are being aggressively pursued.  All-
inorganic analogs of the hybrid system with the A site occupied by alkali atoms such as Cs or Rb [2]  and 
the X site occupied by Br or I are being investigated. Thes systems have high stability and high open-circuit 
voltages. Of particular interest is CsPbBr3 is known to have high carrier mobility and a large carrier 
diffusion length [3]. Understanding the basic physical principles underlying the exceptional properties of  
this material requires a detailed determination of the crystal structure.   
Specifically, the crystal structure of  CsPbBr3 was studied mainly by powder diffraction and 
laboratory single-crystal diffraction methods [4].   These methods are known to miss weak reflection, which 
may lead to the assignment of the incorrect space groups.  The refinement of the powder diffraction data 
suggested a second-order change from orthorhombic to tetragonal space group (at 361 K) with increasing 
temperature, indicating a Pbnm to  P4/mbm space group change.    At   403 K, a first-order transition from 
P4/mbm to the  Pm-3m space group was found.  It is noted that all of these space groups are nonpolar. ( In 
terms of the simple perovskite cell with edge-length 𝑎𝑃 ~ 5.8 Å, these  transitions  correspond to  changes 
in the unit cell  volume from  ~√2 𝑎𝑃 × √2 𝑎𝑃 × 2 𝑎𝑃  to ~√2 𝑎𝑃 × √2 𝑎𝑃 × 𝑎𝑃   and  from   
~√2 𝑎𝑃 × √2 𝑎𝑃 × 𝑎𝑃  to  ~ 𝑎𝑃 × 𝑎𝑃 × 𝑎𝑃 , respectively).   Based on the early symmetry assignments, the 
results were refined more recently in powder diffraction measurements [5 ],  neutron single crystal 
diffraction measurements [6],  and nuclear magnetic resonance and nuclear quadrupole resonance studies 
[7].   However, no independent structural symmetry assignments were performed on single-domain crystals 
to determine the space group symmetries unambiguously.    At the level needed for accurate theoretical 
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models (for electron transport, thermal properties, and to develop accurate atomic potentials), these details 
have been lacking in the literature. 
Significant disagreements have been found with the currently accepted space group assignments 
indicating the need for detailed space group reassessment.   For example,  a room temperature structure 
with cell dimensions  ~2 𝑎𝑃 × 2 𝑎𝑃 × 2 𝑎𝑃 ,   corresponding approximately to a cube of edge length ~11.6 
Å, was reported in the literature [8].   Density functional theory based lattice dynamics calculations suggest 
the polar group P21/m as the low-temperature structure [9].  In  quite recent experiments,  quantum dots (~5 
nm) of CsPbBr3 were found to  exhibit a finite electric polarization (Ps ~ 0.018 C/cm2) at 298 K and a 
more significant value at 77 K (Ps ~ 0.25 C/cm2) [10].  Since the reduction in particle size suppresses bulk 
polarization, it is expected that the crystalline CsPbBr3 should exhibit a larger electric polarization value.  
The existence of a nonzero electric polarization in this material is inconsistent with the nonpolar space 
groups reported in the early work. 
 
To determine the appropriate symmetries and phase transitions in this material, high-quality single 
crystals (orange phase)  were synthesized and studied.  Single domain crystals with ~50 m cube edges 
were utilized for diffraction measurements.  Differential scanning calorimetry measurements between ~300 
and ~700 K indicate that both transitions are first order with the transition near ~360 K having a smaller 
H, relative to that at ~400 K.  Structural measurements were conducted, utilizing a detector with a high 
dynamic range to detect both weak and strong reflection.  
 Our high-resolution synchrotron-based single-crystal measurements between 100 and 450 K reveal 
a low-temperature phase with orthorhombic space group P212121 (below 360 K, polar group), an 
intermediate-temperature tetragonal structure of symmetry I4/m (~360 K to ~400 K, nonpolar group) and a 
high-temperature cubic structure of symmetry Im-3 (nonpolar group).  The currently accepted spacegroups 
are found to be incorrect in a manner that profoundly impacts physical properties.   The unit cells possess  
dimensions are ~√2 𝑎𝑃 × √2 𝑎𝑃 × 2 𝑎𝑃 ,  ~2 𝑎𝑃 × 2 𝑎𝑃 × 2 𝑎𝑃    and ~2 𝑎𝑃 × 2 𝑎𝑃 × 2 𝑎𝑃, respectively. 
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The results reported in the literature can be recovered only if weak reflections are neglected.  Raman 
scattering measurements between 100 and 830 K and pair distribution function measurements between 10 
K and 500 K indicate the presence of an isostructural order-disorder transition near 170 K. A continuous 
transition is also observed near 310 K.  High-pressure measurements between 1 atm and 13 GPa indicate 
the resilience of the material under pressure and reveal a phase transition at ~1 GPa.  Moreover, these low-
pressure (~1 GPa) ambient temperature measurements recover the low-temperature properties.  Theoretical 
models of these materials will be more heavily constrained by the utilization of the high-resolution 
structural data and the broad range of temperatures provided in this work.  The details of the experimental 
and modeling methods are given in the supplementary document.  Under the new assignments, the room 
temperature space group can support a ferroelectric state.  This possibility should be explored.   The 
transitions at ~360 and ~400 K are found to be both firs- order. The first-order nature of both the 400 K and 
~360 K will impact transport properties if materials are cooled rapidly once heated significantly above room 
temperature.  
 
Differential scanning calorimetric (DSC) measurements on CsPbBr3 crystals were used to identify 
the nature of the observed structural phase transitions.  Figure 1 shows the heating and warming curves 
with evident transitions near 362 K and 402 K (Fig 1 and S1).    The inset of Fig. 1 reveals hysteretic 
behavior covering the region between ~360 K and ~365 K and a large peak near the transition at ~402 K 
(with cooling/warming offset), indicating that both transitions are first order with the lower transition (~360 
K)  revealing a significantly lower H in the lower temperature transition.  Fig. S1 in the supplementary 
document shows the derivative of the  DSC data for multiple traces indicating the temperature offsets of 
both transitions.    The weakness of the peak near  360 K in earlier measurements [4] led to its assignment 
as a  second-order transition.  As seen below, our x-ray diffraction measurements on single-crystal CsPbBr3 
confirmed the nature of both phase transitions as first-order.  No group subgroup relationships of the 
crystallographic space groups are found for the structural models which best represent the single crystal 
diffraction data above ~400 K, between ~400 K and ~360 K and below ~360 K. 
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To understand the changes in structure over a broad temperature range, temperature-dependent 
Raman spectra of single-crystal CsPbBr3 were carried out.  The low energy spectra for limited temperatures 
have been previously reported [11].  However, we present a more complete temperature range here to enable 
the identification of phase transitions. The full Raman spectra can be found in Fig. S2(a) (and expanded in 
Fig. S2(b)).  Spectra are systematically shifted in intensity for clarity. The data above 500 K are shown in 
Fig. S3(a).   Fig. 2(a) shows the spectral contour plots of temperature dependences of the unpolarized Raman 
intensity from 100 K to 500 K, indicating four transitions as horizontal lines at ~ 170 K, 310 K, 360 K, and 
400 K.   In particular,  the 73 cm-1 and 79 cm-1 modes soften as temperature increases and merge to become 
a single peak at ~ 310 K. Note the abrupt changes in the position of these peaks near 360 K.   Furthermore, 
these peaks undergo significant broadening above 400 K. These two modes deserve a detailed analysis due 
to their significant variation with temperature. Hence, the spectra are fitted to a sum of Lorentzian functions. 
As shown in Fig. 2(b), the black open circles represent the experimental data, the solid red line represents 
the total fit, and the dashed lines show the individual Lorentzian components.  A double-peak structure is 
shaded in red and blue for the modes at ~73 cm-1 and ~79 cm-1, respectively.   
Figure 2(c) shows the temperature dependence of the ratio of the fitted peak areas and peak widths 
for this double-peak structure. With increasing temperature, the Raman scattering intensity ratio of the high 
energy to the low energy peak grows substantially between 100 K and 170 K, while showing a kink at ~ 
170 K. This is followed by a strong decrease of 79 cm-1 mode intensity as temperature increases.  The peak 
area (intensity) ratio vanishes near 310 K.  We note that the cooling and warming curves coincide, indicating 
no hysteresis.  Hence,  the phase transition at 170 K is second-order.  These transitions (near 170 and 310  
were not previously identified in structural measurements.  
 DFT simulations indicate that these specific modes involve complex motion of the Cs and Br atoms 
(Table S1 and Figs. S3(b) and S4) in which layers of Cs atom exhibit shear-type motion triggered by 
asymmetric distortion modes of the PbBr6 polyhedra. Table S1 gives the DFT derived phonon frequencies 
 6 
 
for the orthorhombic cell while the atomic displacements of representative modes at 32, 56, 73, 79, 137, 
and 158 cm-1 are displayed in Fig. S4.   
  We note that in the case of CsPbCl3 that Raman measurements reveal an order-disorder transition 
near ~180 K [12].  Very early nuclear quadrupole magnetic resonance measurements on CsPbBr3 reveal 
the appearance of an additional line near 167 K, which broadens and disappears for higher temperatures 
indicating that it is second-order in nature [13].   Pair distribution function measurements will be used to 
explore the nature of the transition near 170 K in the current system and the higher temperature transitions. 
Assessing the space groups and structural symmetry requires detailed high-resolution single-crystal x-ray 
diffraction measurements.  
Accurate structural parameters of CsPbBr3 were derived from detailed synchrotron-based single-
crystal diffraction measurements between 100 and 450 K on warming on single-domain orange cube-shaped 
crystals of edge ~ 50 m shaped (Fig. S2(c)).  To observe both strong and very weak reflections 
simultaneously, a detector with a large dynamic range to observe was utilized (see supplementary 
document). Full single crystal data sets, assuming P1 symmetry, were collected in 10 K steps over this 
temperature range.  Systematic exploration of the space groups which best fit the data was conducted over 
this temperature range. 
As indicated above, earlier experimental studies [4-6] claim that the high-temperature phase of 
CsPbBr3 is cubic Pm-3m with a lattice parameter 𝑎𝑃 ~5.87 Å.  However,  in this work, the observation of 
half-integers (h k l) peaks in its reciprocal lattice reveal that the lattice parameter should be doubled (see 
Fig. S5(a)) in the cubic phase. 
The temperature evolution of the octahedral tilting and rotation configuration is shown in Fig. 3(a) 
and Fig. S7. Above 400 K, the space group is cubic Im-3 (with cell volume 𝑉~2 𝑎𝑃 × 2 𝑎𝑃 × 2 𝑎𝑃 ). Only 
very weak rotation and tilting can be observed in the cubic structure. While below 400 K, the rotation of 
PbBr6 octahedral units along the c axis results in a cubic-to-tetragonal transformation yielding space group 
I4/m  (𝑉~2 𝑎𝑃 × 2 𝑎𝑃 × 2 𝑎𝑃 ). The Cs atoms remain at high symmetry positions in the unit cell. Lowering 
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the temperature below ~360 K yields rotation and tilting of PbBr6 octahedral and displacements of the Cs 
atom off high-symmetry position as indicated by the red arrows.  Below 360 K, rotation and tilting of the 
PbBr6 polyhedra are observed.  Examination of the difference between the 360 K and 200 K data reveals 
the large motion of Cs away from the high-symmetry positions and rotations and distortions of the PbBr6 
polyhedral (Fig 3(b) to 3(d) and Fig S8). 
Finally,  Fig. 3(e) shows the quality-of-fit parameters Rw of the P212121, I4/m, and Im-3 space 
groups as a function of temperature. The crossover from I4/m to Im-3 in Rw indicates the cubic-to-tetragonal 
phase transition at ~ 400 K. Below ~360 K, the best fit structure for is the P212121 space group with lattice 
parameters ~√2 𝑎𝑃 × √2 𝑎𝑃 × 2 𝑎𝑃, while the Rw of the fit in Im-3 and I4/m is found to be more than 10 
%.  The temperature-dependent Rw of possible orthorhombic space groups can be found in Fig. S9. Note 
that all these fits give similar Rw, but P212121 has the lowest number of systematic absence violations of the 
space groups explored (Table S2). The corresponding temperature-dependent lattice parameters are shown 
in Fig. 3(f).    
Figure 4(a) shows the single-crystal X-ray reciprocal space images of the (0 k l) plane in the 
reciprocal lattice of CsPbBr3 at 400 K.  All of the resolved spots correspond to the orthorhombic structure 
P212121. The expanded plot of the selected area is the (0 -2 l) plane. The (0 -2 l) planes for selected 
temperatures are shown in Fig. 4(b).  The temperature-dependent structural distortion and symmetry 
changes can be characterized by the intensity variation of (0 -2 l) plane when l is an odd integer. The 
intensity map for (0 -2 l) from 120 K to 450 K is shown in Fig. 4(c).  Note that the peak intensities of the 
weak peaks decrease with increasing temperature, indicating the presence of a lattice distortion. 
A more detailed examination of these weak reflections, for example, (0 -2 -3) reflection as a 
function of temperature, is given in Fig. 4(e). It is seen that this reflection emerges when the temperature is 
reduced below 400 K. The linewidth narrows between 360 K and 400 K. From 360 K to 120 K, the intensity 
of these weak reflections grows monotonically, as shown in panel (d). Hence, the high-temperature 
structure, intermediate temperature structure, and low temperature possess space groups are I-3m (above 
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~400 K), I4/m (~360 K to ~400 K), and P212121 (below 360 K) space groups, respectively.   Full 
crystallographic structural information is given between 100 K and 450 K in Tables S3 to S7 and isotropic 
atomic displacement parameters are given in Fig. S10.   To understand the short-range structure, PDF and 
x-ray absorption measurements were also conducted. 
X-ray pair distribution (PDF) function measurements were conducted between 10 K and 500K.  
Fits to the PDF data were conducted over the real space range 2.0 ≤ r ≤ 30 Å compared to the single unit 
cell averaged parameters explored in the single crystal diffraction study above.  The PDF goodness of 
parameter Rw was obtained as a function of temperature for a range of space groups explored in the single-
crystal methods.  (𝑇ℎ𝑒 𝑅𝑊 = {
∑ 𝑤(𝑟𝑖)
𝑁
𝑖=1 [𝐺𝑂𝑏𝑠(𝑟𝑖)−𝐺𝐶𝑎𝑙𝑐(𝑟𝑖)]
2
∑ 𝑤(𝑟𝑖)
𝑁
𝑖=1 [𝐺𝑂𝑏𝑠(𝑟𝑖)]
2 }  for PDF data was scaled by the number of 
independent parameters minus the number of free fitting parameters [14].).  In Fig. 5(a), we show the 
temperature-dependent Rw parameters for orthorhombic space groups P212121, Pna21, and Pnma (left y-
axis scale) and compare them to the high-symmetry tetragonal (P4/mbm and I4/m)  and cubic (Im-3 and 
Pm-3m) structures. The right y-axis gives the scale for these latter space groups (tetragonal and cubic).    
The simple Pm-3m cubic structure does not represent the local structure for the entire range of 
temperatures examined.  With reduced temperature the best model is I4/m tetragonal structure between 360 
K and 500 K and followed by Pna21 or P212121 polar space groups for temperatures below ~360 K.  
Expanding the temperature range down to 10 K reveals multiple transitions if the Br and Cs atomic 
displacement parameters (ADPs) are examined.  In Fig. 5(b), we show the Br and Cs parameters, UBr and 
UCs.  Examination of the Br ADPs  (for Br1, Br2, and Br3 sites with respect to the Pna21 space group) 
reveals a continuous transition near 170 K,  a transition which onset near ~310 K leading to an abrupt 
change near 350 K and a kink near 400 K.  The transitions near 310 K and 170 K are particularly clear in 
the Cs ADP (Fig. 5(c)).   The 170 K transition is seen in the Raman data as well as in these PDF results.    
No space group change is indicated for the transitions near ~170 K or  ~310 K,  but there is a reduction in 
the ADPs (Br and Cs) with decreasing temperature.  Hence they are both consistent with order-disorder 
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type continuous transition. (We note that in the single-crystal diffraction data discussed above, no new 
peaks are seen when comparing reciprocal space images at 200 K and 120 K (see also Fig S6)).  Finally, in 
Figs. S12 and S13, we show the ADP for the Pb site and the full short-range temperature-dependent lattice 
parameters between 10 K and 500 K.  The a and b lattice parameters become significantly different for 
temperatures below ~310 K. 
 To explore the bond correlations, x-ray absorption measurements were conducted between 20 K 
and room temperature.  Three-component fits (Br-Pb, Br-Cs, and Br-Br bonds) were made at each 
temperature between 20 and 95K, and a single-component fit (Br-Pb) was made for data above 95K since 
the higher shell contributions  (Br-Cs and Br-Br)  are suppressed for higher temperatures (see S15). The 
extracted widths for the Br-Pb shell were then fit to a simple Einstein model    
[15], where  is the reduced mass for the bond pair, and a parameter   represents the static disorder.  This 
simple model represents the bond vibrations as harmonic oscillations of a single effective frequency 
proportional to .  The fits yield an Einstein temperature of 104 K corresponding to an effective single 
oscillator frequency of 72 cm-1, indicating the extreme softness of the material. The low temperature 2 
values the first neighbor bonds indicate static disorder for Br-Cs bonds, which is more than 20 times that 
for the first neighbor Br-Pb bonds and more than 2 times that for Br-Br bonds (Fig. S15).   Examination of 
the Br-Cs bond distribution derived from the single crystal data at low temperature,  reveals a broad spread 
in Br-Cs bond distances consistent with this result (Fig. S16),  There is the large spread in the Br-Cs 
distribution in the P212121 space group.  This spread in positions becomes less broad at low temperatures 
(see Fig. S16). Our molecular dynamics simulations reveal a larger dynamic change in Br-Pb and Br-Cs 
pair distribution in going from 100 to 250 K, consistent with the proposed order-disorder transition (Fig. 
S17).  The Br-Cs correlations derived from these simulations show the most significant change with 
temperature consistent with the large thermal component to the disorder. 
Complementary high-pressure Raman measurements were conducted between ambient pressure 
and 15 GPa (Fig.6 and Fig. S18).  A structural phase transition onset near 0.3 GPa resulting in a peak near 
2
2 2
0( ) coth( )
2 2
E
B E
T
k T

 
 
= +
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~110 cm-1.  In addition, a peak near 70 cm-1 onsets at the same pressure value (Fig. 6).  The sharpening of 
the peaks near 70 cm-1 in low-temperature ambient pressure measurements (Fig. 2) coincides with the same 
region of pressure.  Again, the very low pressure of transition indicated the softness of the material.   We 
also note that this peak occurs at a frequency similar to that of low-frequency peak discussed in the 
temperature-dependent Raman discussion. In previous pressure-dependent Raman measurements, the 
transition at ~1 GPa has been associated with Pb-Br bond length shrinkage and distortions of the PbBr6 
polyhedra [16].  Recall that the Raman peaks at ~70 cm-1 correspond to Cs atom shear-type motion triggered 
by asymmetric distortion modes of the PbBr6 polyhedra.  Hence, comparison of temperature-dependent and 
pressure-dependent Raman data suggest very low pressure recovers the low-temperature behavior of this 
system possibly with suppression of the disorder which onsets for temperatures above ~170 K.  It is 
expected that moderately straining these materials may lead to more stable phases with lower levels of 
electron scattering (better transport properties). 
The combined results point to four distinction transitions, with the two low-temperature transitions 
being isostructural continuous transitions.  The low-temperature isostructural transitions (~ 170 K and ~310 
K) are evident in at least three of the independent measurements conducted (Raman, single-crystal 
diffraction, PDF, and XAFS measurements) with the ~170 K transition most apparent in local structural 
studies (PDF and XAFS measurements).  The higher temperature transitions are both found to be first-order 
in nature (~360 and ~400 K).  The lower temperature transitions have not been identified in any previous 
structural studies.  The proximity of the first-order transitions to room temperature suggests that quenching 
samples from high temperature may result in room temperature materials with unit cells with dimensions 
2 𝑎𝑃 × 2 𝑎𝑃 × 2 𝑎𝑃. Indeed, a room-temperature structure of these dimensions was previously reported [8].  
The local structural measurements indicate that the presence of distortions that support orthorhombic 
symmetry for temperatures up to at least 500 K.  The local structure is never in a cubic phase between 10 
K and 500 K.   We note that the phase below 360 K (P212121) is polar and can attain a finite electric 
polarization. 
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Understanding the basic physics underlying the properties of this material requires an accurate 
determination of the crystal structure. This is required to develop accurate potentials to predict the finite 
temperature properties such as transport and optical absorption.  These critical properties are very sensitive 
to subtle structural details.  The structural parameters provided in this work will assist in the development 
of accurate models leading to the prediction of new and more efficient analogs of the all-inorganic CsPbBr3 
system.  Under the new spacegroup assignments, the room temperature space group can support a 
ferroelectric state. The first-order nature of both the 400 K and ~360 K will impact transport properties if 
materials are cooled rapidly once heated. Rapid cooling from above 360 K will freeze in the high-
temperature phases.   Experiments probing possible ferroelectric properties at room temperature, and below 
170 should be conducted. 
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Figure  Captions 
 
Fig. 1. DSC curves showing reversible first-order phase transitions at 362 K and 402 K in CsPbBr3. The 
inset shows the derivative of the phase transition at 362 K. 
 
Fig.  2.  (a) Contour plots of temperature dependencies of the unpolarized Raman. (b) The spectra are fitted 
with a sum of two Lorentzian functions. The black open circles stand for the experimental data, the solid 
red line represents the total sum of a fitting, and the dashed lines show the individual fitting profiles. A 
double-peak structure is shaded in red and blue for the modes at 73 cm-1 and 79 cm-1, respectively. The ratio 
of fitted peak area and peak width are shown in panel (c), indicating a clear phase transition onset at ~ 170 
K.  
 
Fig. 3.  (a) The temperature-dependent structure of CsPbBr3 from single-crystal synchrotron x-ray structure 
solution. Above 400 K, the space group is cubic Im-3. Between 400 K and 360 K, the structure is tetragonal 
I4/m. Below 360, the space group is P212121. Panels (b)-(d) show the temperature evolution of the rotations 
and distortions of PbBr6 octahedral concomitant with Cs displacements. The fit Rw-values of P212121, I4/m, 
and I-3m structure are shown in (e).  (f) Single-crystal diffraction derived lattice parameters.  
 
Fig. 4.  (a) Single-crystal X-ray diffraction precession image of (0 k l) plane in the reciprocal lattice at 400 
K. The zoom-in plot of the selected area is (0 -2 l) plane. The (0 -2 l) planes in selected temperatures are 
shown in (b).  The intensity mapping of (0 -2 l) from 120 K to 450 K is given in (c), indicating a clear phase 
transition at ~ 410 K. Panel (d) shows the intensity of some weak reflections that decrease as temperature 
increases. Contour plot of temperature dependencies of a selected weak reflection, (0 -2 -3), is shown in 
(e).   
 
Fig. 5. (a) Rw fitting parameter vs. temperature for high symmetry Cubic (C) and Tetragonal (T) space 
groups with values on the right y-axis compared to the orthorhombic (O) space groups, with values on the 
left y-axis. (b) Atomic displacements parameters for the Br sites (Pna21 space group)  vs. temperature. (b) 
Atomic displacements parameters for the Cs site (Pna21 space group)  vs. temperature.  
        
Fig. 6.  Raman spectra under pressure for pressures between 0.25 and 15 GPa.   A structural phase transition 
onset near 0.3 GPa and resulting in the onset of a peak near ~70 cm-1.  Interestingly, this is the same region 
in which the split peaks appear at low temperatures. 
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Fig. 1. Liu et al. 
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Fig. 2. Liu et al. 
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Fig. 3. Liu et al. 
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Fig. 4. Liu et al. 
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Fig. 5. Liu et al 
(a)  
(b)  
         (c)      
100 150 200 250 300 350 400 450 500 550
0.05
0.10
0.15
0.20
0.25
 P212121(O)  
 Pna21(O)
 Pnma (O)
 P4/mbm (T) 
 I4/m (T)
 Im-3 (C)
 Pm-3m (C)
Temperature (K)
R
w
 O
rt
h
o
rh
o
m
b
ic
Rw = 0.2
Rw = 0.2 0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
R
w
 H
ig
h
 S
y
m
m
e
tr
y
0 50 100 150 200 250 300 350 400 450 500
0.005
0.010
0.015
0.020
0.025
0.030
0.035
0.040
~400K
~265K~170K
 U_Br1
 U_Br1 10 to 200 K
 U_Br2
 U_Br2 10 to 200 K
 (U_Br3)/2
 (U_Br3 10 to 200 K)/2
U
B
r 
(Å
2
)
Temperature (K)
~345K
~310 K
0 50 100 150 200 250 300 350 400 450 500
0.010
0.015
0.020
0.025
0.030
0.035
0.040
0.045
0.050
0.055
0.060
0.065
 U_Cs
 U_Cs 10 to 200K
U
C
s
(Å
2
)
Temperature (K)
310 K
 18 
 
Fig. 6. Liu et al 
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PbBr2 (1.83 g, 5 mmol) and CH3NH3Br (560 mg, 5 mmol) were dissolved in 50 ml of 
dimethylformamide. The mixture solution was heated slightly to obtain a transparent solution. This solution 
was further filtered through a compacted Celite column. The filtrate was collected. Two milliliters of this 
solution was transferred into an inner vial (5 ml in total vial volume) that was placed in a larger outer vial 
(25 ml in total volume) with 5 ml of toluene inside. Finally, the outer vial was carefully sealed. The diffusion 
of toluene from the outer vial into the inner vial was slow, and the crystallization process was maintained 
in a dark and undisturbed environment for at least three days. Orange block-shaped single crystals were 
obtained and characterized by X-ray diffraction. For powder sample derived experiments, crystals samples 
were crushed and sieved to obtain ~400 mesh powders.  Hence, all measurements are based on crystal 
derived materials. 
Differential scanning calorimetry measurements were conducted under flowing N2 gas using a 
Perkin Elmer DSC 6000.  Measurements were made at a cooling/heating rate of 2 K/min.  
Ambient pressure temperature-dependent Raman Spectra were measured with an excitation 
wavelength of 780 nm in backscattering geometry using a Thermo Scientific DXR Raman Microscope. A 
50x objective was used with a 15 mW power setting. The sample was found to be stable under this laser 
power after tests were done on a range of laser powers (3 to 15 mW).  Each temperature data set is comprised 
of one hundred 0.2 second scans.  A Linkam Scientific THMS600 stage was used to measure the 
temperature-dependent Raman spectra.  Only warming data are shown.  These measurements were 
conducted at the NJIT York Center.  Samples return to the original phase after heating up to the maximum 
temperature of 830 K used in the experiments.  
High-pressure Raman measurements were conducted at the National Synchrotron Light Source 
(NSLS II) beamline 22-IR-1 National.  Measurements were conducted in a symmetric cylindrical diamond 
cell with (100) oriented diamonds.  The culet size was 500 m, and tungsten gaskets were used. The 
pressure medium utilized was methanol:ethanol:water in a 16:3:1 ratio by volume.   Pressure calibration 
was conducted using ruby fluorescence mainline shifts [1].  Pressure calibration measurements were made 
before and after each Raman spectrum was collected.  In addition, calibration measurements as a function 
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of position at multiple points (in the sample region of the gasket) at the highest pressure showed variation 
below ~0.1 GPa indicating a high level of hydrostatic behavior of the pressure medium.   Typical pressure 
errors are ± 0.10 GPa for pressures below ~ 4 GPa and ~ ±0.20 GPa for pressures above ~4 GPa. The 
custom micro-Raman system at beamline 22-IR-1 consisted of a 646 nm solid-state laser, a Princeton 
Instruments liquid-nitrogen cooled PyloN CCD detector, a PI Acton SpectraPro SP-2556 Imaging 
Spectrograph and a 20x  objective. For all Raman measurements, no change in the spectra was observed 
over time at a given pressure.  Each pressure data set is comprised of sixty 10-second scans.   
Diffraction measurements on ~50 m diameter crystals (cube-like shape) were conducted at the 
Advanced Photon Source (Argonne National Laboratory) beamline 15-ID-D using a wavelength of 0.41328 
Å (30 keV).  The data were collected with a PILATUS 1M detector (maximum count rate = 107 cps/pixel, 
counter depth =20 bit) between 100 K and 450 K in steps of 10 K (data are for increasing temperature).  
The refinement of the data was done using the program Olex2 [2] after the reflections were corrected for 
absorption using SADABS (with computed attenuation length = 105 m).  Anomalous scattering 
corrections were induced for all atoms. Detailed representative single-crystal solution results are presented 
in Tables S3 to S7. 
 To determine force constants and phonon DOS for CsPbBr3, density functional calculations in the 
projector augmented wave approach were carried out utilizing the VASP code [3].  Full structural 
optimization was conducted for both lattice parameters and atomic positions.  The LDA exchange 
functional (Ceperly and Alder as parameterized by Perdew and Zunger [4]) was used to obtain the relaxed 
structure.  The ground-state structure was optimized so that forces on each atom were below 2 x 10-5 eV/Å.  
The optimized cell was found to be orthorhombic with volume = 8.3876 Å x 11.5197 Å x 7.5612 Å.  
Calculations for a 2x2x2 supercell with a  gamma centered k-space grid were utilized.  The force constants 
were calculated in the frozen phonon approximation. The code Phonopy was utilized to determine the 
phonon density of states and phonon displacement modes from the force constants (Fig. S3(b), Fig. S4, and 
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Table S1) [5]. Gaussian broadening with full-width at half maximum of 7.1 cm-1 was applied to each phonon 
DOS spectrum shown in Fig. S3(b). 
 Molecular dynamics (MD) simulations were also conducted with the VASP code and projector-
augmented wave (PAW) potentials [3].  The simulations were conducted as done in Ref. [6] for MAPbI3 
and used a 400 eV energy cutoff.  A 2x2x2 orthorhombic supercell (based on the optimized structure 
obtained above with 160 atoms) was utilized. For separate MD simulations, the system temperature was set 
at 100, 250,  and 500 K utilizing the (N V T) ensemble. MD  time steps of 1 fs were used,  with ~2500 time 
step for each simulation. 
 Br K-edge XAFS spectra were collected at APS beamline 20 BM at Argonne National Laboratory on 
single crystals (~2 mm x 3 mm) in fluorescence mode (20 K to 125 K). Measurements were done in 
fluorescence mode with on powders at beamline at NSLS beamline 7 BM (120 K to 300 K).  Data were 
corrected for self-absorption.   Reduction of the x-ray absorption fine-structure (XAFS) data was performed 
using standard procedures [7].  In the XAFS refinements, to treat the atomic distribution functions on equal 
footing, the Br K-edge spectra were modeled in R-space by optimizing the integral of the product of the 
radial distribution functions and theoretical spectra with respect to the measured spectra. Specifically, the 
experimental spectrum is modeled by, 
2( ) ( , ) 4 ( )k k r r g r dr
th
 =   where th  is the theoretical 
spectrum and g(r) is the real space radial distribution function based on a sum of Gaussian functions ((k) 
is the measured spectrum) [8] at each temperature  (as in Ref. [9]).  For each shell fit, the coordination 
number (N) was held at the crystallographic value, but the position (R) and Gaussian width () was fit to 
the data.  the k-range 1.16 < k < 11.1 Å-1 and the R-range 1.96 < R < 4.00 Å were utilized.   Coordination 
numbers for the atomic shells were fixed to the crystallographic values.      The Gaussian widths and 
positions were fit for each component  
Two independent Pair distribution function (PDF) data sets (140 to 500 K (run 1) and 10 to 200 K 
(run 2)) were collected at beamline the XPD-2 (28 ID) beamline at Brookhaven National Laboratory’s 
National Synchrotron Light Source II using a wavelength   = 0.1877 Å (run 1) and    = 0.1872 (run 2).  
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Measurements utilized Perkin Elmer Area detectors with a sample to detector distance of ~200 mm.  Exact 
detector to sample distances were derived by fits to Ni powder calibration standards.  The Ni standard was 
used to determine set-up specific parameters (Qdamp and Qbroad) which were held fixed for these samples.  
The range Qmim = 1.2 Å-1 and Qmax = 24.5 Å-1 (run 1) was used in data reduction.  (For run 2 the range was 
Qmim = 1.2 Å-1 and Qmax = 22.5 Å-1 used.)   The methods utilized for analysis of the PDF data are described 
in detail in Refs. [10].  For the fits in R-space, the range 2.0 < r < 30 Å was utilized. The time interval 
between temperature points was ~7 minutes. Combined with the small temperature steps, the approach kept 
the samples from being in a quenched state.    
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Fig. S1.  The upper panel (a) shows DSC data with no background removal.  The inset shows the expanded 
region around 310 K, revealing no abrupt transitions.  The lower panel (b) shows the first derivative 
indicating two phase transitions. The hysteresis behaviors in both peaks indicate that both transitions are 
first order in nature. 
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Fig. S2.  (a)The Raman spectra of  CsPbBr3 from 100 K to 500 K. (b) Low energy region between 100 and 
230 K in steps of 10 K.  (c) Representative single-crystal (in oil) used in single-crystal diffraction, Raman, 
and DSC measurements.  
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Fig. S3.  (a) High-temperature Raman spectra of  CsPbBr3 from 330 K to 830 K.  (b) Partial phonon 
density of states derived from DFT simulations showing the Pb, Cs, and Br site projected components. 
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 Table S1  Calculated Phonon Modes (Raman Modes Labeled) 
           
Raman Active Modes =  7Ag+ 5B1g +7B2g+5B3g 
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   Ag mode at 32.4 cm-1   Ag mode at 56.2 cm-1              Ag mode at 73.3 cm-1                 
             
        
Ag mode at 79.3cm-1    B3g mode at 136.8 cm-1  B3g mode at 158.3 cm-1 
 
 
Fig. S4.   Selected Raman active phonon modes of CsPbBr3 (see Table S1) indicating the motion of Cs 
(green), Br (red), and Pb (black) atoms. 
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Fig. S5.  (a) Single-crystal X-ray diffraction precession pattern of the (h k 0) planes of CsPbBr3 at 450 K. 
The (h k l) grid corresponds to the Pm-3m  space group with lattice constant a = 5.87 Å. Diffraction spots 
with half h k integer values are observed, indicating the correct lattice constant should be doubled.  (b) 
Single-crystal X-ray diffraction precession pattern of the (1 k l) planes of CsPbBr3 at 370 K. The grid 
corresponds to the P4/mbm space group with unit cell dimension: ~√2 𝑎𝑃 𝑥 √2 𝑎𝑃 𝑥 𝑎𝑃 .  
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Fig. S6.  Temperature-dependent single-crystal X-ray reciprocal lattice images of (0 k l) plane. 
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Table S2. Number of Systematic Absence Violations* 
Temperature (K) Space group 
P212121 Pmc21 Pmn21 Pna21 Pnma 
100 7 90 47 137 137 
110 6 98 52 150 150 
120 6 79 46 125 125 
130 5 97 53 150 150 
140 5 77 46 123 123 
150 6 85 58 143 143 
160 6 82 54 136 136 
170 8 90 56 146 146 
180 6 71 46 117 117 
190 3 90 46 136 136 
200 4 73 41 114 114 
210 7 77 42 119 119 
220 5 69 40 109 109 
230 6 85 50 135 135 
240 4 67 48 115 115 
250 4 99 53 152 152 
260 7 133 91 224 224 
270 9 136 95 231 231 
280 6 148 86 234 234 
290 8 190 121 311 311 
300 11 228 150 378 378 
310 7 244 151 395 395 
320 10 220 141 361 361 
330 8 228 146 374 374 
340 9 228 160 388 388 
350 6 201 143 344 344 
360 7 140 129 269 269 
* Above 360 K, Rw of the orthorhombic space group is larger than 10% and is not presented in the table. The Im-3 
and I4/m space groups have 0 systematic absence violations in their range of validity. Note that in contrast with 
other space groups, all violations for the P212121 space group found are extremely weak and limited in number. 
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400 K
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Fig.  S7. The solved structures from single-crystal x-ray diffraction measurements in Im-3 (above 400 K), 
I4/m (between 400 K and 360 K), and P212121 (below 360 K) space groups.  
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Fig. S8.  (a) The magnitude of the atomic displacements |u| in P212121 structure vs. temperature relative to 
the positions at 360 K.  (b) Atomic displacements of P212121 structure at 200 K relative to the positions at 
360 K. The arrows indicate the direction of the motions for each atom for the temperature change from 360 
to 200 K.  
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Fig. S9.  The Rw parameters of all possible orthorhombic space group based on the cell 
dimension  ~√2 𝑎𝑃 𝑥 √2 𝑎𝑃 𝑥 2 𝑎𝑃.  Note that the Rw values of the space groups are very close.  However, 
systematic violations must also be examined (Table S2).  
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Fig. S10.  Temperature-dependent equivalent isotropic atomic displacement parameters (Å2×103) 
from single-crystal data for CsPbBr3 in P212121 space group. Ueq is defined as 1/3 of the trace of 
the orthogonalised UIJ tensor. 
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Table S3. Structural Parameters from CsPbBr3 at 100K in P212121 Space Group 
 
Atoms  x  y  z  Ueq (Å3×103)    
  
Pb1 7499.1(6) 4999.7(7) 7499.8(3) 22.4(2) 
Cs1 2048(3) 4882.0(16) 4998.7(11) 59.8(4) 
Br1 10467(2) 7021(3) 7779.3(19) 48.3(5) 
Br2 4538(2) 2981(3) 7194.6(18) 48.8(5) 
Br3 7455(2) 4433(3) 10007.7(11) 58.6(6) 
Uij (Pb1) 22.1(3) 24.7(3) 20.3(3) -0.80(7) -0.85(7) 0.08(8) 
Uij (Cs1) 69.3(10) 64.9(7) 45.4(6) -2.8(7) 6.0(6) 20.1(6) 
Uij (Br1) 37.8(8) 42.3(10) 64.9(11) 4.8(9) -4.0(7) -11.5(7) 
Uij (Br2) 40.9(8) 43.7(9) 61.7(10) 5.0(9) -7.1(7) -26.2(8) 
Uij (Br3) 81.6(14) 75.2(14) 18.8(6) -0.6(8) 6.8(8) 12.2(8) 
Space Group: P212121 
a = 8.2769(4) Å, b = 8.1416(4) Å, c = 11.7304(6) Å, Dx = 4.872 g/cm3 
Measurement Temperature: 100 K 
Crystal Dimensions (diameter): ~50 μm 
Wavelength: 0.41328 Å  
2θ range for data collection: 3.502° to 40.29° 
Index ranges:  -13 ≤ h ≤ 13, -13 ≤ k ≤ 13, -18 ≤ l ≤ 18 
Reflections collected: 30725 
BASF twin parameter: 0.5(4) 
Absorption Coefficient : 9.327 mm-1 
EXTI extinction parameter: 0.042(4) 
Independent reflections: 3662 
Number of fitting parameters: 48 
Amplitude of Max Peak in Final Difference map: 6.04 e/Å3 (Pb1) 
R1 = 6.10 %, wR2 = 19.76 %, Goodness of Fit = 1.099 
 
*Atomic displacement parameters Uij (Å2×103) are in the order U11, U22, U33, U23, U13, U12 
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Table S4. Structural Parameters from CsPbBr3 at 120K in P212121 Space Group 
 
Atoms  x  y  z  Ueq (Å3×103)    
  
Pb1 7500.4(7) 5001.0(7) 7500.0(3) 21.9(3) 
Cs1 2053(3) 4883.8(19) 5001.1(13) 59.8(5) 
Br1 10459(2) 7018(3) 7772(2) 49.1(6) 
Br2 4531(3) 2975(3) 7188(2) 47.4(5) 
Br3 7456(3) 4438(4) 10006.8(13) 58.3(6) 
Uij (Pb1) 21.8(4) 24.4(4) 19.5(4) -0.84(9) -0.85(9) 0.05(10) 
Uij (Cs1) 70.0(11) 64.7(9) 44.7(7) -2.8(9) 3.3(7) 20.7(6) 
Uij (Br1) 40.9(10) 43.3(10) 63.1(12) 3.6(10) -2.8(9) -27.7(9) 
Uij (Br2) 38.8(9) 42.6(10) 60.7(12) 5.5(10) -9.0(8) -11.2(8) 
Uij (Br3) 80.3(15) 76.6(16) 17.8(6) 0.3(9) 4.4(11) 12.6(9) 
Space Group: P212121 
a = 8.2771(4) Å, b = 8.1427(4) Å, c = 11.7308(6) Å, Dx = 4.871 g/cm3 
Measurement Temperature: 120 K 
Crystal Dimensions (diameter): ~50 μm 
Wavelength: 0.41328 Å  
2θ range for data collection: 3.502° to 37.068° 
Index ranges:  -12 ≤ h ≤ 12, -12 ≤ k ≤ 12, -17 ≤ l ≤ 17 
Reflections collected: 27672  
BASF twin parameter: 0.5(4) 
EXTI extinction parameter: 0.047(5) 
Independent reflections: 2974 
Number of fitting parameters: 47 
Amplitude of Max Peak in Final Difference map: 5.34 e/Å3 (Pb1) 
R1 = 6.37 %, wR2 = 20.11 %, Goodness of Fit = 1.163 
 
*Atomic displacement parameters Uij (Å2×103) are in the order U11, U22, U33, U23, U13, U12 
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Table S5. Structural Parameters from CsPbBr3 at 250K in P212121 Space Group 
 
Atoms  x  y  z  Ueq (Å3×103)    
   
Pb1 7501.4(6) 5001.0(6) 7500.0(3) 23.7(2) 
Cs1 2112(3) 4902.5(18) 5004.6(12) 67.8(4) 
Br1 10459(3) 7030(3) 7751.4(19) 55.0(6) 
Br2 4548(3) 2960(3) 7203(2) 55.1(6) 
Br3 7460(3) 4465(4) 10000.5(13) 67.0(7) 
Uij (Pb1) 24.3(3) 25.8(3) 21.2(3) -0.86(8) -0.94(8) 0.01(9) 
Uij (Cs1) 82.0(10) 72.5(9) 49.0(7) 0.6(8) 0.5(8) 25.7(6) 
Uij (Br1) 47.0(10) 47.7(10) 70.3(12) 1.9(9) -4.6(8) -30.9(9) 
Uij (Br2) 43.6(9) 47.3(10) 74.4(13) 9.1(10) -8.2(8) -15.0(8) 
Uij (Br3) 95.1(17) 86.1(16) 19.8(6) -1.7(8) 10.1(10) 12.3(9) 
Space Group: P212121 
a = 8.2641(3) Å, b = 8.1719(3) Å, c = 11.7416(5) Å, Dx = 4.857 g/cm3 
Measurement Temperature: 250 K 
Crystal Dimensions (diameter): ~50 μm 
Wavelength: 0.41328 Å  
2θ range for data collection: 3.504° to 37.072° 
Index ranges:  -12 ≤ h ≤ 12, -12 ≤ k ≤ 12, -17 ≤ l ≤ 17 
Reflections collected: 29784  
BASF twin parameter: 0.6(4) 
EXTI extinction parameter: 0.041(4) 
Independent reflections: 3001 
Number of fitting parameters: 47 
Amplitude of Max Peak in Final Difference map: 4.76 e/Å3 (Pb1) 
R1 = 5.84 %, wR2 = 18.32 %, Goodness of Fit = 1.125 
 
*Atomic displacement parameters Uij (Å2×103) are in the order U11, U22, U33, U23, U13, U12 
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Table S6. Structural Parameters from CsPbBr3 at 380K in I4/m Space Group 
 
Atoms  x  y  z  Ueq (Å3×103)    
   
Pb1 5000 5000 7500.0(2) 30.9(2) 
Pb2 10000 5000 7500 30.9(2) 
Cs1 7488.1(9) 7489.5(6) 5000 108.8(11) 
Br1 7500.3(7) 5416(2) 7505.7(10) 104.1(7) 
Br2 5000 5000 5000 133(3) 
Br3 10000 5000 5000 137(3) 
Br4 5000 5000 10000 133(3) 
Uij (Pb1) 31.6(3) 31.6(3) 29.4(3) 0 0 0 
Uij (Pb2) 31.6(3) 31.6(3) 29.4(3) 0 0 0 
Uij (Cs1) 82.0(10) 169(3) 79.0(9) 78.3(15) 0 0 
Uij (Br1) 47.0(10) 27.1(4) 107.5(14) 177.7(17) -4.3(5) -0.3(3) 
Uij (Br2) 43.6(9) 186(5) 186(5) 26.6(14) 0 0 
Uij (Br3) 95.1(17) 192(5) 193(5) 24.5(12) 0 0 
Uij (Br4) 95.1(17) 186(5) 186(5) 26.6(14) 0 0 
Space Group: I4/m 
a = 11.6647(3) Å, c = 11.7796(5) Å, Dx = 4.806 g/cm3 
Measurement Temperature: 380 K 
Crystal Dimensions (diameter): ~50 μm 
Wavelength: 0.41328 Å  
2θ range for data collection: 2.858° to 44.128° 
Index ranges:  -18 ≤ h ≤ 18, -18 ≤ k ≤ 13, -18 ≤ l ≤ 18 
Reflections collected: 33797  
EXTI extinction parameter: 0.024(2) 
Independent reflections: 2282 
Number of fitting parameters: 30 
Amplitude of Max Peak in Final Difference map: 2.74 e/Å3 (Pb1) 
R1 = 5.08 %, wR2 = 18.17 %, Goodness of Fit = 0.934 
 
*Atomic displacement parameters Uij (Å2×103) are in the order U11, U22, U33, U23, U13, U12 
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Table S7. Structural Parameters from CsPbBr3 at 450K in Im-3 Space Group 
 
Atoms  x  y  z  Ueq (Å3×103)    
  
Pb1   2500 2500 2500 37.0(3) 
Cs1 0 5000 5000 117.1(12) 
Cs2   5000 5000 5000 118.5(14) 
Br1   2434.6(16) 2566.3(16) 5000 158.4(13) 
Uij (Pb1) 37.0(3) 37.0(3) 37.0(3) -0.02(5) -0.02(5) -0.02(5) 
Uij (Cs1) 118.8(15) 102.9(13) 129.5(18) 0 0 0 
Uij (Cs2) 118.5(14) 118.5(14) 118.5(14) 0 0 0 
Uij (Br1) 225(4) 219(4) 31.3(6) 0 0 11.1(12) 
Space Group: Im-3 
a = 11.7444 (3) Å, Dx = 4.755 g/cm3 
Measurement Temperature: 450 K 
Crystal Dimensions (diameter): ~50 μm 
Wavelength: 0.41328 Å  
2θ range for data collection: 2.852° to 37.046° 
Index ranges:  -17 ≤ h ≤ 17, -17 ≤ k ≤ 13, -17 ≤ l ≤ 17 
Reflections collected: 31256 
EXTI extinction parameter: 0.0107(11) 
Independent reflections: 586 
Number of fitting parameters: 14 
Amplitude of Max Peak in Final Difference map: 1.32 e/Å3 (Cs2) 
R1 = 3.43 %, wR2 = 10.86 %, Goodness of Fit = 1.072 
 
*Atomic displacement parameters Uij (Å2×103) are in the order U11, U22, U33, U23, U13, U12 
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Fig. S11.  A representative fit of PDF data (280 K) in real space between 2 and 30 Å. 
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Fig. S12.  Pb atomic displacement parameter between 10 and 500 K extracted from PDF data.    The closed 
and open symbols reflect independent data sets collected.   Note the structural transition near ~360 K.   
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Fig. S13.  Temperature-dependent lattice parameters from PDF measurements with inset indicating the 
onset of phase transitions.  The closed and open symbols reflect independent data sets collected. 
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Fig. S14.  (a) Fits of to the Br K-edge x-ray absorption fine structure data at 70 K for the Br-Pb, Br-Cs, and 
Br-Br shells and (b) at 125 K for a single Br-Pb shell only. 
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             (a)          
              (b)   
 
Fig. S15.  (a) Fourier transform of XAFS data between 20 and 175 K, indicating suppression of high order 
peaks beyond Pb-Br above ~170  K. Bold labels indicate the peak assignments (e.g., Br-Pb) and light labels 
indicate the data temperatures values.  Three-shell Fits to XAFS data above ~95 K are unstable.  (b) 
Extracted XAFS thermal parameters (2) for the Br-Pb, Br-Cs, and Br-Br bonds for temperatures up to 95 
K and for Br-Pb only for higher temperatures. The Br-Pb data was modeled by an Einstein function, yielding 
a static contribution 2S = 0.0020± 0.0005 Å2 and Einstein temperature of  = 104.1 ± 8.1 K. 
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(a) 430 K (Im-3 Z=8)     (b) 370 K (I4/m Z=8) 
 
(c) 230 K (P212121 Z=4)    (d) 100 K ((P212121 Z=4)  
 
(e) 230 K (Pnma Z=4)                                 (f) Cubic Structure based on 230 K  
lattice params. (Pm-3m (Z=1)) 
 
Fig. S16.  Bond distributions (number of bond distances vs  r) about Br sites derived from single-crystal 
data for structural solutions at  (a) 430 K, (b) 370 K, (c) 230 K, and (d) 230 K.   For completeness, the Pnma 
structure at 230 K is given in (e), and the approximated distribution for a simple cubic cell based on lattice 
parameters at 230 K is given in (f).  Note that in the real sample (not simple cubic structure), the Cs-Br 
distribution is never a single peak for temperatures up to 450 K, at least. Note also the large spread in the 
Br-Cs distribution in the P212121 space group.  This spread in positions becomes less broad in the 100 K  
structure compared to the 230 K structure. 
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Fig. S17.  (a) Radial distribution functions for Pb-Pb pairs at 100, 250, and 500 K derived from ab initio 
molecular dynamics simulations.  (b) Corresponding functions for the Br-Pb and Br-Cs pairs.  Note the loss 
of discrete structure and significant broadening occurring on going from 100 to 250 K compared to the 
smaller changes in going from 250 to 500 K.  In panel (c), note that the same abrupt broadening is seen in 
the Br-Br pair distributions in going from 100 to 250 K.  The results are consistent with significant 
disordering of the Br-Cs and Br-Pb pairs between 100 and 250 K (for increasing temperature).  Note that 
the change x-axis scale is the same in all figures.   
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Fig. S18.  Raman spectra under pressure for pressures between 0.25 and 15 GPa.   A structural phase 
transition onset near 0.3 GPa and resulting in suppression of a peak near ~170 cm-1 and the appearance of 
a peak near 150  cm-1 (indicated by arrows).   In addition, a peak near 70 cm-1 onsets at the same pressure 
value (Fig. 6). 
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